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ABSTRACT
INTRODUCTION: The nuclear factor kappa B (NF-κβ) signaling cascade is responsible for
mediating stress-activated catabolic effects of Tumor Necrosis Factor Alpha (TNF-α)
downstream of the TNF receptor (TNFR1). NF-κβ transcription factor remains inhibited in the
cytosol of the muscle and can be stimulated for translocation and transcription by a variety of
external stimuli, most notably by pro-inflammatory cytokines and oxidative stress. Nevertheless,
currently there is a gap in the literature with regard to the time course effect of NF-κβ signaling
following acute resistance exercise in humans.
PURPOSE: To observe the effects of an acute lower-body resistance exercise protocol and
subsequent recovery on intramuscular NF- κβ signaling.
METHODS: Twenty-eight untrained males were assigned to either a control (CON; n=11) or
exercise group (EX; n=17) and completed a lower-body resistance exercise protocol consisting
of the back squat, leg press, and leg extension exercises. Skeletal muscle microbiopsies were
obtained from the vastus lateralis pre-exercise (PRE), 1-hour (1HR), 5-hour (5HR), and 48-hours
(48HR) post-resistance exercise. Multiplex signaling assay kits (EMD Millipore, Billerica, MA,
USA) were used to quantify the total protein (TNFR1, c-Myc) or phosphorylation status of
proteins (IKKa/b, NF- κβ, IkB) specific to apoptotic signaling pathways using MAGPIX®
(Luminex, Austin, TX, USA). Repeated measures ANOVA analysis was used to determine the
effects of the exercise bout on intramuscular signaling at each timepoint. Additionally, change
scores were analyzed by magnitude based inferences to determine a mechanistic interpretation.
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RESULTS: Repeated measures ANOVA indicated a trend for a two way interaction between the
EX and CON Group (p=0.064). Magnitude based inferences revealed a “Very Likely” increase
in total c-Myc from PRE-5H and a “Likely” increase in IkB phosphorylation from PRE-5H.
CONCLUSION: Results indicate that c-Myc transcription factor and phosphorylation of IkB are
elevated following acute intense resistance exercise in untrained males. These data suggest that
NF- κβ signaling plays a role in ribosome biogenesis and skeletal muscle regeneration following
resistance exercise in young untrained males.
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CHAPTER I: INTRODUCTION
TNF-α is a pro-inflammatory cytokine that plays a key role in the initial immune
response to muscle damaging activity or muscular injury. Released by circulating monocytes,
TNF-α recruits additional immune cells to the site of muscular damage to infiltrate, phagocytize,
and remove myocellular debris (Peterson, Feeback, Baas, & Pizza, 2006). Due to its role in
muscle breakdown, high levels of TNF-α are typically found in disease states such as cachexia
and cancer, where large amounts of muscular wasting occurs (Argilés, Busquets, & LópezSoriano, 2005). Thus, anti-TNF-α therapies have been investigated to combat the delirious
effects of this potent cytokine (Grounds & Torrisi, 2004). More practically, athletes and
practitioners alike often employ strategies to blunt the pro-inflammatory response to muscle
damage in an attempt to maintain athletic performance or enhance recovery. However, elevations
in TNF-α concentrations are also present in response to a traditional resistance exercise session
and subsequent recovery (Townsend et al., 2015; Townsend et al., 2013; Wells et al., 2016).
Furthermore, recent evidence supports the notion that TNF-α serves as a mitogen in skeletal
muscle by regulating myogenesis, muscular regeneration, and activation of multiple signaling
pathways which facilitate repair and growth of skeletal muscle (Chen et al., 2005; Chen, Jin, &
Li, 2007; Y. P. Li et al., 2005; Plaisance, Morandi, Murigande, & Brink, 2008).
Nuclear factor kappa B (NF-κβ) signaling cascade is responsible for mediating stressactivated catabolic effects of TNF-α downstream of the TNF receptor. NF-κβ p50/p65
heterodimer remains inhibited in the cytosol of the muscle and can be released for translocation
and transcription by a variety of external stimuli, most notably by pro-inflammatory cytokines
and oxidative stress (Cuevas et al., 2005; Ho et al., 2005; H. Li & Lin, 2008a). NF-κB mediates
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transcription of the c-Myc promoter which activates specific genes eliciting an array of cellular
effects including cellular growth, stem cell regeneration, and ribosome biogenesis (Chaillou,
Kirby, & McCarthy, 2014; Mahoney et al., 2008; Mobley et al., 2015).
In humans, Hyldahl and colleagues (2011) reported for the first time that NF-κβ
activation could be achieved by eccentric muscular contractions. These investigators reported an
increase in NF-κβ (p65) activity in nuclear extracts 2 hours following 100 eccentric contractions
of the knee extensors. Upregulation of p65 activity at 2 hours post resistance exercise was
supported by other investigators examining men performing a bout of high volume exercise
consisting of the squat, leg press, and leg extension exercises (Vella et al., 2012). Moller et al.,
(2013) found an increase in IKKβ phosphorylation and concomitant p38 mitogen activated
protein kinase (MAPK) phosphorylation at 2 hours post resistance training. This corresponded
with activation of the mTOR pathway suggesting NF-κβ signaling influences activation of
several anabolic signaling pathways such as mTOR and MAPK signaling cascades (Møller et al.,
2013; Vissing et al., 2013).
TNF-α is a classic pro-inflammatory cytokine involved in muscle degradation, however,
it also likely plays a role in subsequent tissue repair and remodeling. To date, there appears to be
a gap in the scientific literature with regard to resistance exercise induced TNF-α elevations, and
NF-κβ signaling in humans. I hypothesize that an increases in circulating measures of TNF-α
and oxidative stress will accompany activation of NF-κβ signaling in the exercised muscle. This
will provide new insight into the underlying mechanisms regulating muscular regeneration
following resistance exercise in young untrained males.
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Hypotheses
1. It was hypothesized that the acute damaging protocol will result in increased
phosphorylation of signaling proteins in the NFκβ pathway.
2. It was hypothesized that there would be an increase in circulating levels of TNF-α
following the acute damaging protocol
3. It was hypothesized that the acute damaging protocol would result in an increase in
oxidative stress measured by glutathione, glutathione reductase, and superoxide
dismutase.

Theoretical Assumptions
1. Participants accurately answered the medical history and activity questionnaire.
2. All participants provided a maximal effort when performing maximum strength testing
and each resistance exercise protocol.
3. Participants duplicated the content, quantity, and timing of their diet during the 24-hours
prior to each experimental trial.
4. Participants were well-rested and refrained from all forms of moderate to intense exercise
during the 72-hours prior to each experimental trial.
5. Participants abstained from caffeine, alcohol and analgesics (aspirin, acetaminophen,
nonsteroidal anti-inflammatories, and glucocorticoids) on the day of the acute damage
protocol and the following recovery days.
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Statistical Assumptions
1. The population from which the samples are drawn was normally distributed.
2. The sample was randomly selected and the treatment order was randomly placed.
3. The data met the assumption of sphericity. Sphericity requires that the repeated measures
data demonstrate both homogeneity of variance and homogeneity of covariance.

Limitations
1. The methods of studying intramuscular signaling in vivo in humans are accompanied with
inherent limitations as it requires repeated biopsy sampling of a small population of
muscle fibers at few, distinctive time points following exercise, and the analyzed tissue is
assumed to be representative of the entire muscle.
2. Each participant had inherent circadian rhythms that would likely have altered
biochemical markers throughout the day; this variation was minimized by testing during
the morning (am) hours for each participant.
3. Since the biopsy procedure may have caused inflammation to the site of extraction; to
minimize any possible stress response, additional samples were taken from incision
0.5cm medial or lateral to the original biopsy site
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CHAPTER II: LITERATURE REVIEW
Resistance Exercise Induced Oxidative Stress
Rietjens, Beelen, Koopman, Van Loon, Bast, Haenen (2007)
A single session of resistance exercise induces oxidative damage in untrained men.
The purpose of the current investigation was to determine if the body’s antioxidant defense
system can manage the increased free radical production induced by intense resistance exercise
in healthy untrained males. Eight healthy untrained males which did not participate in a regular
exercise regime were recruited for this study. Two weeks prior to the acute exercise bout, the
untrained males completed a familiarization session to ensure they were comfortable completing
the exercises with correct form. One week later, the participants reported once again to complete
a 1-RM for each of the lower body exercises to be performed in the acute session. Prior to the
acute session, participants were instructed to abstain from foods high in anti-oxidants such as
fruits, olive oil, wine, or other nutritional supplements and vitamins. On the day of the
experimental trial the participants arrived on an overnight fast and completed 8 sets of 10 on the
horizontal leg press and leg extension exercises at a starting load of 75% 1RM and 2 min rest
between sets. If a participant was unable to complete the repetitions at a given load, the load was
reduced to 65 or 55% of their 1RM with the average intensity being 70% 1RM across the entire
workout. Blood sampling was taken via cannula pre, during (20min), 2 min post exercise, and at
60 min, 90 min, 120 min, 150 min, 180 min, and 24 hrs during recovery post exercise. Vitamin
C, Vitamin E, and uric acid was measured via HPLC. Additionally, erythrocyte GSH, GSSG and
urine F2α-isoprostanes and creatinine were assayed and analyzed. NF-kB activity in peripheral
blood mononuclear cells were isolated from blood samples and analyzed with a NF-kB p50
activation assay at pre and 2 min, 90 min, and 24 hours post-exercise. Muscle biopsies were
5

obtained 30 min prior to the exercise session and 30 min post exercise and analyzed for GST,
glutathione reductase activity, uric acid, and protein levels. Plasma lactate increased during the
exercise session and 2 min, 60 min, and 90 min post exercise returning to baseline levels by 120
min post exercise. Total antioxidant capacity significantly increased 16%, and appeared to be
attributed to a concomitant increase in plasma uric acid increases of 53%. Additionally, plasma
Vitamin C and Vitamin E levels increased modestly but did reach significance. Erythrocyte GSH
concentration increased 47%, however the elevation only reached significance during the
workout and erythrocyte GSSG remained at basal levels. The antioxidant activity in skeletal
muscle increased at 30min in for measures of both Glutathione reductase and GST while skeletal
muscle values of GSH and GSSH were unaffected by the exercise session. The findings of this
study suggest that acute resistance training can result in significant oxidative stress and damage
as well as elevation in the adaptive antioxidant capacity of the blood and muscle tissues.
Cakir-Atabek, Demir, Pinarbasili, and Gunduz (2010).
Effects of Different Resistance Training Intensity on Indices of Oxidative Stress
The aims of this investigation were to determine if resistance exercise training induces oxidative
stress, to determine if chronic resistance training decreases resting oxidative stress levels, and to
investigate the effect of resistance exercise intensity on the training induced oxidative stress
response. Sixteen young males with no resistance training experience were recruited to
participate in the present study and were randomly divided into two groups: Hypertrophy (3 sets
x 12 repetitions at 70% 1RM, 90 sec rest between sets) and Strength (3 sets x 6 repetitions at
85% 1RM with 180 seconds of rest between sets). Total training volume was not equated and the
training protocol consisted of a full body workout (chest press, leg extension, lat pull down, leg
curl, shoulder press, and bicep curl). Participants trained 3 times a week on nonconsecutive days
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for 6 weeks under supervision. Blood samples were obtained pre, and immediately post training
sessions on the first day of the first week, on the last day of the fourth and sixth weeks of the
training program. Blood levels of MDA and GSH were assayed following completion of the
study via ELISA. The results of the study revealed an increase in serum MDA in response to
both acute resistance training protocols with no acute change in GSH in either group. Following
6 weeks of resistance training, serum resting values significantly decreased in both groups while
basal GSH values increased significantly increased in both training intensity groups. This study
found that acute resistance training results in significant oxidative stress regardless of training
intensity, and that 6 weeks of resistance training is sufficient to improve the adaptive response to
oxidative stress.
Goldfarb, Garten, Chee, Cho, Reeves, Hollander, Thomas, Aboudehen, Francois, Kraemer
(2008)
Resistance exercise effects on blood glutathione status and plasma protein carbonyls:
influence of partial vascular occlusion.
The purpose of the present investigation was to determine whether light resistance exercise with
partial occlusion resulted in similar protein carbonyl and glutathione levels compared to
moderate resistance exercise with no occlusion. Seven weight trained males (>1 year) were
enrolled in the present study and completed three experimental trials in a counterbalanced
crossover fashion: LRO = low resistance training with partial occlusion, MR = moderate
resistance training with no occlusion, and a session with partial occlusion with no exercise
performed. The LRO exercise protocol consisted of 3 sets of single-arm bicep curls and 3 sets of
single-leg calf extension to failure at 30% of a participants previously determined 1-RM. For the
bicep curl exercise, a blood pressure occlusion cuff was inflated to 20mmHg below the systolic
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blood pressure determined pre-exercise and the cuff remained inflated throughout the duration of
the three sets. The calf leg extension was completed on a leg press machine with a customized
inflatable leg cuff applied to the proximal portion of the lower leg. The leg cuff was inflated to
40mmHg above the arm occlusive pressure to account for the larger vasculature and muscle
mass. The leg cuff pressure was maintained for the entire 3 sets of calf extensions performed to
failure. The MRO protocol consisted of the exact same protocol as described in the LRO except
that no occlusion was applied to either the leg or arm and participants completed the exercises
with a load corresponding to 70% 1-RM. An additional session was completed with only partial
occlusion of the limbs with no exercise performed (PO) while mimicking the same timeline as
exercise groups to determine the effects of occlusion alone on oxidative stress markers. Blood
samples were obtained at baseline, immediately-post exercise and 15 min post exercise. Both PO
and MRO resistance exercise interventions resulted in significantly elevated protein carbonyls
post exercise and 15 min post exercise compared to baseline levels. The LRO did not
significantly change over time. The GSH/TGSH status was significantly elevated MR and PO
(17%) from basal values but was not significantly elevated compared to the LRO immediately
post exercise. At 15 minutes post exercise GSH/TGSH ratio was still significantly elevated in the
LRO and PO session (14.6%) but was not significantly different than the PO session. The
findings of this study show that moderate resistance exercise performed to failure is effective at
elevating blood oxidative stress markers and that partial occlusion alone provides similar effects
as moderate resistance exercise.
Goldfarb, Bloomer, McKenzie. (2005)
Combined antioxidant treatment effects on blood oxidative stress after eccentric exercise.
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This investigation was designed to determine the effects of antioxidant supplementation on blood
markers of oxidative stress in nonresistance trained females following eccentric resistance
exercise. Eighteen females participated in this double blind study and were divided into the
antioxidant supplement group (N = 9) or a placebo group (N = 9). All exercise sessions were
performed during the follicular phase of their menstrual cycle to avoid hormonal variation. The
supplement group consumed a total of 400 IU of vitamin E, 1g of vitamin C, and 90 µg of
selenium per day for 14 days leading up to the experimental trial and for 2 days post exercise.
The eccentric protocol consisted of four sets of 12 repetitions of eccentric elbow flexor exercise
of the nondominant hand at an angular velocity of 20°·s-1 with 60 seconds of rest between each
set. Blood samples were obtained immediately post exercise and 2, 6, 24, 48h after the eccentric
damage protocol and were later assayed for plasma protein, protein carbonyls, plasma
malondialdehyde (MDA), and whole blood total (TGSH) and oxidized (GSSG) glutathione.
There was no treatment interaction between the two groups for protein carbonyls but a
significant time effect was observed at 24 and 48h post exercise compared to baseline values.
There was a condition main effect with the antioxidant group having lower protein carbonyl
values. Plasma MDA was elevated at 48 h post exercise compared to baseline values but there
was no condition by time interaction but a significant condition interaction with MDA values
significantly lower in the antioxidant group. There was a main effect for time for glutathione
status with TGSH and GSH being lower than baseline values immediately post and 2 h post
exercise. GSSH was elevated above baseline values immediately post and 2 h post exercise with
corresponded with an elevated GSSH: TGSH ratio immediately post and 2 h post exercise. The
results of this study show that eccentric muscle damaging exercise can elevate blood markers of
oxidative stress in untrained humans.
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Lee, Goldfarb, Rescino, Hegde, Patrick, Apperson. (2002).
Eccentric exercise effect on blood oxidative stress markers and delayed onset of muscle
soreness.
This study investigated the effects of high-intensity eccentric exercise of the biceps on blood
markers of oxidative stress in untrained males. Eight healthy men who had not engaged in
resistance training for the past 6 months participated in this study. The participants completed 60
eccentric contractions of the elbow flexors at ~135-155% of their maximal isometric force using
their nondominant arm. Blood samples were obtained at baseline, immediately post, 24, 48, 72,
and 96 h following the eccentric damaging protocol. Samples were assayed for CK, PC, and
erythrocyte glutathione status. Muscle soreness (DOMS) values were assessed using a 10 cm
long visual analog scale (VAS). The eccentric damaging protocol resulted in significant muscle
damage as indicated by significantly elevated CK values at 48, 72, and 96 h. Muscle soreness
was also significantly elevated from 24-96 h post exercise. There was a small elevation, but no
significant changes in glutathione status across the recovery time points. PC levels were
significantly elevated 83% at 24 h and 62% at 48 h post exercise. Additionally, there was no
relationship between muscle soreness and CK or GSSH/TGSH. However, there was a significant
relationship between DOMS and PC (r = 0.498). This was the first investigation to demonstrate
elevated PC levels in the blood following eccentric exercise. However, no effect of eccentric
exercise on glutathione status was observed.
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TNF-α Circulating Response to Resistance Exercise
Brenner, Natale, Vasiliou, Moldoveanu, Shek, & Shephard (1999).
Impact of three different types of exercise on components of the inflammatory response.
The purpose of this study was to examine traditional markers of muscle damage (CK, DOMS)
and inflammation (IL-6, IL-10, TNF-α) in response to three different exercise protocols. Eight
healthy young males participated in the study and completed three different exercise protocols in
randomized order. Participants completed a cycling bout at maximal effort for 5 min on a cycle
ergometer The circuit training routine consisting of five exercises (bench press, leg press, knee
extension, hamstring curl and bicep curl) for three sets of ten repetitions at 60-70% of their
previously determined 1-RM. The third protocol consisted of a 2 h cycle ergometer exercise bout
at 60-65% VO2max. Following each exercise bout participants rest for a 3 h recovery period. The
control condition rested for 5 h in the lab. Participants would then report to the lab at 24 and 72 h
following exercise for additional measurements. Blood was sampled pre, immediately post, 3, 24
and 72 h post exercise. The results showed that the largest increases in CK and in DOMS
resulted from the circuit training protocol. Additionally, only the prolonged cycling bout (2 h)
resulted in significant elevations in plasma IL-6 (IP, 3 h) and TNF-α (3h, 24h,72h) and no
increase in IL-10 levels. There were no significant elevations in any cytokine following the 5
min cycle or the circuit-training bout. The findings of this study suggest that prolonged
endurance exercise may elevate inflammatory markers such as IL-6 and TNF-α, while resistance
training may have no effect on circulating cytokines.
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Smith, Anwar, Fragen, Rananto, Johnson, Holbert. (2000).
Cytokines and cell adhesion molecules associated with high-intensity eccentric exercise.
Due to the fact that most studies examining the inflammation response to exercise utilize
endurance training protocols, this study sought to examine the changes in circulating cytokines in
response to a bout of unaccustomed eccentric exercise. Six healthy males participated in this
study and completed the eccentric phase of the bench press and leg curl for 4 sets of 12
repetitions at 100% of their previously determined 1RM with 2 min rest between sets. For each
exercise participants were instructed to lower the load slowly at a count of 4 s. Two spotters
would then return the weight to the starting position once the repetition was completed and if the
participant was unable to maintain the lowering cadence, the load was reduced by 2.3kg. Blood
was sampled pre-exercise and at 1.5, 6, 12, 24, 48, 72, 96, 120, and 144 h post-exercise. Blood
was assayed for a number of damage markers, inflammatory interleukins and cytokines but most
relevant to this review was TNF-α. While the resistance exercise resulted in significant soreness
and muscle damage as determined by CK values, the findings revealed no significant elevations
for TNF-α at any time point compared to baseline values. These data seem to suggest that
unaccustomed eccentric resistance exercise does not result in elevating circulating levels of the
cytokine TNF-α.
Townsend, Fragala, Jajtner, Gonzalez, Wells, Mangine, Robinson, McCormack, Beyer, Pruna,
Boone, Scanlon, Bohner, Stout, Hoffman. (2013).
β-Hydroxy-β-methylbutyrate (HMB)-free acid attenuates circulating TNF-α and TNFR1
expression postresistance exercise.
The purpose of this study was to examine the effect of β-hydroxy-β-methylbutyrate-free acid
(HMB-FA) and cold-water immersion (CWI) on circulating concentrations of TNF-α and
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monocyte TNF-α receptor 1 (TNFR1) expression. Forty resistance-trained men volunteered to
participate in this study. Participants were divided randomly into one of four groups: ingestion of
HMB-FA, ingestion of placebo (PL), ingestion of HMB-FA and CWI (HMB-FA-CWI), and
ingestion of PL and CWI. Participants then performed an acute, resistance exercise protocol
consisting of 4 sets of up to 10 repetitions of the squat, dead lift, and split-squat. Participants also
performed four sets of up to 10 repetitions of the squat at 24 and 48h following the initial
exercise bout. The squat exercise was performed with 80% of the participant’s previously
measured 1-RM, and the dead lift and barbell split-squat exercises were performed with 70% of
the participant’s previously measured 1-RM. The rest interval between each set and between
exercises was 90 s. Participants were encouraged to perform as many repetitions as volitionally
possible up to 10 repetitions per set. The exercise protocol significantly elevated TNF-α in only
PL (p = 0.006) and CWI (p = 0.045) at IP. Mean percent changes show TNF-α significantly
increased from PRE to IP for only PL and CWI groups (p < 0.05) while the percent change of
TNF-α for HMB-FA and HMB-FA-CWI was not significant. TNFR1 expression was elevated in
PL (p = 0.023) and CWI (p = 0.02) at 30P compared to PRE while both HMB-FA treated groups
did not increase significantly. In conclusion, HMB-FA attenuated circulating TNF-α
immediately post-exercise and TNFR1 expression during recovery compared to PL and CWI.
HMB-FA supplementation may attenuate the initial immune response to intense exercise which
may reduce recovery time following intense exercise.
Townsend, Hoffman, Fragala, Jajtner, Gonzalez, Wells, Mangine, Fukuda, Stout. (2015).
TNF-α and TNFR1 responses to recovery therapies following acute resistance exercise.
To compare the effect of two commonly used therapeutic modalities a) neuromuscular electrical
stimulation (NMES) and b) cold water immersion (CWI) on circulating tumor necrosis factor
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alpha (TNF-α) and monocyte TNF-α receptor (TNFR1) expression following intense acute
resistance exercise and subsequent recovery. Thirty (n=30) resistance trained men (22.5 ± 2.7 y)
performed an acute heavy resistance exercise protocol on three consecutive days followed by one
of three recovery methods (CON, NMES, and CWI). Participants then performed an acute,
resistance exercise protocol consisting of 4 sets of up to 10 repetitions of the squat, dead lift, and
split-squat. Participants also performed four sets of up to 10 repetitions of the squat at 24 and 48h
following the initial exercise bout. The squat exercise was performed with 80% of the
participant’s previously measured 1-RM, and the dead lift and barbell split-squat exercises were
performed with 70% of the participant’s previously measured 1-RM. The rest interval between
each set and between exercises was 90 s. Participants were encouraged to perform as many
repetitions as volitionally possible up to 10 repetitions per set. Circulating TNF-α was elevated at
IP (p = 0.001) and 30M (p = 0.005) and decreased at 24H and 48H recovery from IP in CON (p
= 0.015) and CWI (p = 0.011). TNF-α did not significantly decrease from IP during recovery in
NMES. TNFR1 expression was elevated (p < 0.001) at 30M compared to PRE and all other time
points. No significant differences between groups were observed in TNFR1 expression. During
recovery (24H, 48H) from muscle damaging exercise, NMES treatment appears to prevent the
decline in circulating TNF-α observed during recovery in those receiving no treatment or CWI.

Wells, Hoffman, Jajtner, Varanoske, Church, Gonzalez, Townsend, Boone, Baker, Beyer,
Mangine, Oliveira, Fukuda, Stout (2015).
Acute pro-inflammatory immune response following different resistance exercise protocols
in trained men.
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The purpose of this investigation was to examine temporal changes in the expression of
chemotactic and adhesion receptors following an acute bout of high-volume, moderate-intensity
(VOL) versus high-intensity, low-volume (HVY) lower-body resistance exercise in experienced,
resistance trained men. Changes in receptor expression were assessed in conjunction with plasma
concentrations of MCP-1, TNFα, and cortisol. Ten resistance-trained men performed each
resistance exercise protocol in a random, counterbalanced order. The VOL protocol required
participants to perform 10 – 12 repetitions with a load of equating to 70% of their 1RM, with a 1minute rest period between each set and exercise. The HVY protocol required participants to
perform 3 – 5 repetitions with a load equating to 90% of their 1RM with a 3-minute rest period
between each set and exercise. Both protocols included six sets of barbell back squats and four
sets of bilateral leg press, bilateral hamstring curls, bilateral leg extensions, and seated calf
raises. Blood samples were obtained at baseline (BL), immediately (IP), 30 minutes (30P), 1
hour (1H), 2 hours (2H), and 5 hours (5H) post-exercise. Analysis of target receptor expression
on CD14++CD16- monocytes was completed at BL, IP, 1H, 2H and 5H time points via flow
cytometric analysis. LDH was significantly elevated above baseline at IP (+4%), 30P (22%), 1H
(24%), 2H (33%) and 5H (1.47%). LDH AUC was significantly greater for HVY compared to
VOL (11%). TNFα was significantly increased at IP (53%), 30P (66%), 1H (66%) and 2H (33%)
post-exercise. TNFR1 receptor expression did not appear to be affected by resistance exercise.
Therefore, the results of this study suggest that resistance exercise regardless of differences in
intensity and volume, may promote elevations in LDH and TNF-α and that higher intensities
may elicit more muscle damage as measured by LDH.
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Acute Resistance Exercise and NF-KB Signaling
Ho, Hirshman, Li, Cai, Farmer, Aschenbach, Witzack, Shoelson, Goodyear (2005).
Regulation of IκB kinase and NF-κB in contracting adult rat skeletal muscle.

The aim of the present study was to investigate the effects of submaximal exercise and the
contraction of isolated muscles on IKK kinase activation and NF-KB signaling. Male SpragueDawley rats were obtained for use in both the in vivo exercise and the in vitro isolated muscle
contraction protocol. For the in vivo treadmill exercise, rats were familiarized on the 2 days
leading up to the experiment by running 5-10 min each day. Subsequently, the animals
completed a treadmill running protocol which consisted of 5, 15, 30, or 60 min of moderate
intensity steady state exercise running at 0.8 mph at a 12% incline. Additional animals were
exercised for 60 min and were allowed to recover for 1, 3, or 5 hours before they were sacrificed.
The contraction experiments were performed by euthanizing the rats, removing the extensor
digitorum and extensor digitorum longus and pre incubating the tissues in a buffer. The muscles
were then transferred and mounted on a tissue apparatus for stimulation via electrodes. The rat
muscles were then stimulated for ten minutes with the following protocol: 2/min train rate; 10
second train duration at 100Hz; pulse duration, 0.1 ms at 100V. Throughout the entire training
protocol, force was recorded with an isometric force transducer (Kent Scientific, Litchfield, CT).
The results show that phosphorylation of IKKα/β was significantly elevated above resting levels
in response to the moderate endurance exercise protocol. Additionally, it appears that the
phosphorylation status of IKKα/β returns to basal levels at 3 hours post exercise and that a single
bout of endurance exercise will not increase total protein content of either IKKα or IKKβ. No
change in IκBα was observed as a result of endurance exercise. However the change in
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phosphorylation was observed in both red gastrocnemius and the soleus muscles with no change
in total protein levels or phosphorylation status found in white gastrocnemius muscle. In vivo,
maximal NFKB DNA binding activity was observed in red gastrocnemius muscle at 1- and 3hours post-exercise and returned to baseline levels at 5 hours. With regards to the in vitro
contraction protocol, an increase in IKKα/β phosphorylation was observed in response to the 10
min electrically stimulated contraction session similarly to the in vivo treadmill exercise and
total protein content remained unchanged for IKKα, IKKβ, and IκBα. Additionally, an increase
in IκBα phosphorylation accompanied the increased phosphorylation status of IKKα/β.
considering past evidence suggesting that ERK and p38 are regulated by skeletal muscle
contraction and have also been noted to regulate IKK activation, investigators used inhibitors of
MEK and p38 and repeated the contraction protocol while measuring IKKα/β phosphorylation.
Treatment with either ERK or p38 inhibitor did not alter IKKα/β phosphorylation and did not
result in any contractile force decrements. Furthermore, when the EDL and soleus was treated
with both inhibitors, the inhibition of contraction induced IKKα/β phosphorylation was additive.
These data suggest that ERK and p38 act as independent pathways and influence IKK signaling
independent of each other.

Moller, Vendelbo, Rahbek, Clasen, Schjerling, Vissing, Jessen (2013).
Resistance exercise, but not endurance exercise induces IKKβ phosphorylation in human
skeletal muscle of training-accustomed individuals.
Previous findings from this lab demonstrated that resistance exercise but not endurance exercise
promoted the activation of the mammalian target of rapamycin (mTOR) signaling independently
of Akt activation in trained individuals. As a follow up, the purpose of the present investigation
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was to examine IKK, TSC1, MAPK p38, and ERK ½ phosphorylation and myokine gene
expression from the same tissue examined in the previous study (Vissing 2013). Fourteen young
untrained males were enrolled in the study and were randomly assigned to a resistance training
group and an endurance training group. Additionally, 6 males were recruited to serve as a control
group. Since the study was designed to examine the intramuscular signaling events following an
acute bout of exercise in young males participants performed either a VO2max or a lower
extremity muscle strength test and were trained for 10 weeks on a progressive endurance or
resistance training program. Following 10 weeks of training, the endurance group completed 2
hours of cycling at 60% of their post-training VO2max. Participants in the resistance training
group completed an acute resistance training protocol of 4x12 repetitions of the leg press,
hamstring curl, and leg extensions with load that corresponded to their post-training repetition
maximum loading. The control group laid in a supine position to simulate the same time frame as
the exercising groups. Muscle biopsies were obtained from the vastus lateralis before,
immediately post exercise, 5h, and 22h post exercise with the 5 hour time point sampled from the
contralateral leg. Western blotting was performed and the protein separations were viewed via
chemiluminescence. Quantitative PCR was used to measure mRNA expression of TNF-α, IL-6,
IL-8, and IL-1β. The major finding of this study was that IKKβ phosphorylation increased
following acute resistance exercise in a manner which mirrored mTOR activation (Vissing
2013). The MAPK p38 activation was elevated significantly higher than the endurance exercise
and control groups but was p38 elevation did not reach significance (p=0.054) compared to its
baseline values following resistance exercise. Both TSC1 and Erk ½ were not elevated in
response to any treatment. Biopsy sampling was dispersed between the two exercised legs to
determine if repeated biopsies would result in increases in mRNA expression. IL-6, IL-8, and IL-
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1β mRNA expression was significantly increased in the repeated biopsies while no difference in
TNF-α mRNA expression was observed. IL6, IL8, and IL1β were increased immediately
following the resistance exercise bout whereas TNF-α, IL-6, IL-8, and IL-1β were all elevated
immediately following the endurance bout. No changes in mRNA expression were observed in
the control group. These results suggest that resistance exercise, not endurance exercise is
effective at elevating IKKβ phosphorylation post exercise in trained males and that repeated
muscle biopsies from the unilateral leg do not result in increased expression of TNF-α.

Vella, Caldow, Larsen, Tassoni, Della Gatta, Gran, Russell, and Cameron Smith (2012).
Resistance exercise increases NF-κB activity in human skeletal muscle
The purpose of this study was to determine if a single bout of intense resistance exercise
influences NF-kB signaling in human skeletal muscle. Ten recreationally trained participants
participated in the study (exercise = 5 male; control group = 4 male, 1 female). The exercise
group completed a familiarization session 7 days prior to testing where their 5-repetition
maximum was obtained for the Smith Machine squat, the leg press, and the leg extension. On the
day of the exercise protocol the participants reported to the lab on a 24-h fasted state (food,
alcohol, exercise, and caffeine). The participants then completed an intense bout of resistance
exercise consisting of three sets of 8-12 repetitions at 80% of their 1RM of the Smith machine
squat, leg press, and leg extension in a circuit training fashion with 1 minute of rest between
exercises and 3 minutes of rest between sets. Muscle biopsies were obtained prior to the
resistance exercise bout and at 2 and 4 h post exercise. Western blotting was performed to
examine protein levels of IkBα and phosphorylated NF-KB as well as mRNA expression of
inflammatory myokines IL-6, IL-8, and monocyte chemoattractant protein 1 (MCP-1). DNA
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binding of NF-κB (p65) promoter region as well as the promoter regions of IL-6, IL-8 and MCP1. To determine the nuclear localization of the p65 subunit, immunohistochemistry was
performed via fluorescent imaging. As a result of the acute resistance exercise protocol, IkBα
was significantly reduced 2 h post exercise 0.6-fold and returned to baseline levels by 4 h post
exercise. Subsequently, NF-κB (p65) phosphorylation was increased 7.3 fold 2 h following
exercise and returned to baseline levels at 4 hours. Immunofluorescence analysis revealed p65
colocalization to the myonuclei 2 h post exercise in many of the myonuclei. Additionally, it was
observed that NF-κB binding to promoter regions of genes coding for all myokines examined
(IL-6, IL-8, MCP-1) at 2 h post exercise and returned to baseline levels by 4 h. NF-kB activation
was also associated with increased mRNA expression of IL-6, IL-8, and MCP-1 at 2 h post
exercise (p < 0.01) and was still elevated above baseline at 4 h post resistance exercise (p <0.05).
Finally, while large changes in mRNA expression were observed as a result of the exercise
intervention, the control group revealed no significant elevations in inflammatory myokines as a
result of multiple biopsies.

Hyldahl, Xin, Hubal, Moeckel-Cole, Chipkin, Clarkson (2011).
Activation of nuclear factor-κB following muscle eccentric contractions in humans is
localized primarily to skeletal muscle residing pericytes.
The aim of this study was to provide additional support for transcriptional activation of NF-κB
previously observed in other investigations and to determine the localization of NF-κB DNA
binding activity. Thirty-five healthy untrained males performed 100 maximal eccentric
contractions using a Biodex isokinetic dynamometer on a randomly selected leg (dominant vs.
nondominant). Participants first reported for a resting blood draw and familiarization with the
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Biodex machine. On the subsequent day, the participants reported on a 12 h fast, consumed a
standardized meal, and completed an eccentric damaging protocol. The eccentric exercise
protocol consisted of 10 sets of 10 repetitions with 10 second of rest between repetitions and 1min rest periods between sets. Following the exercise session, participants reported back to the
lab at 24, 48, 72, 96, and 120 h post exercise for a resting blood draw, subjective measures of
recovery assessed by a visual analog scale (VAS), and functional recovery measured by
isometric force of the knee extension. Muscle biopsies of both the eccentric exercised leg and the
non-exercised leg were obtained 3 h post exercise. Muscle samples were analyzed via ELISA in
a subset of 15 subjects via a NF-κB p65 assay. Immunohistochemistry was also performed to
determine the localization of NF-κB activation in the tissues. Results indicated a significant
decrease in isometric strength in recovery following the eccentric exercise protocol immediately
post, 24, 48, 72, and 96 h post exercise with strength being restored at 120 h. Creatine kinase
levels were elevated at 24, 48, and 72 h post exercise and muscle soreness elevated 24 h post
exercise and not returning to baseline until 120 h following the muscle damaging bout. There
was a significant (1.6-fold) increase in NF-κB binding activity in the muscle measured by ELISA
from the eccentric trained leg compared to the non-exercised leg at 3h. Further analysis to
determine the localization of NF-κB activity via immunofluorescence revealed little activity
within the myofiber boundary of the muscle fibers. Additional staining and imaging revealed that
the majority of NF-κB activity was localized to the interstitial spaces between fibers and were
colocalized in the muscle pericytes contained in the microvasculature. Thus, the current study
provided additional evidence that eccentric exercise upregulates NF-κB activity in skeletal
muscle and that the majority of its activity is localized to muscle pericytes and not satellite cells.
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Xin, Hyldahl, Chipkin, Clarkson (2014).
A contralateral repeated bout effect attenuates induction of NF-κB DNA binding following
eccentric exercise.
The purpose of this study was to investigate if a contralateral “repeated bout effect” exists on
NF-κB activation following resistance exercise. Thirty-one healthy untrained young men
participated in the study and were randomized into two groups and counterbalanced so that there
were an equal amount of people exercising their right leg first as their left leg first. On the first
visit to the participants reported to the lab on an 8 hour fast, had a resting blood draw taken, and
then underwent baseline muscle testing. On visit 2 participants reported to the lab on a 12 hour
fast and consumed a standardized breakfast. Participant then underwent the first eccentric
exercise protocol consisting of 10 sets of 10 eccentric repetitions at a speed of 30°/s with 10
seconds of rest between repetitions and 1-minute rest between sets. Muscle biopsies of both the
exercised leg and the contralateral leg were taken 3 hours post exercise. Participants reported
back to the lab 4 weeks later and repeated the same procedures as in their first exercise bout
except they exercised the opposite leg. Biopsies were again taken 3 hours post exercise and
stored for later analysis. NF-κB (p65) DNA-binding activity was analyzed by an ELISA based
assay kit. Both exercise bouts resulted in significant increases in NF-κB binding activity in the
exercised leg. However, NF-κB activity was attenuated in the contralateral leg compared to the
first exercise bout. These findings confirmed earlier findings from this group that NF-κB activity
was once again elevated at 3 hours. Additionally, this study provided new evidence that there
exists a contralateral “repeated bout effect” with regards to eccentric exercise in young untrained
males.
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CHAPTER III: METHODS
Participants
Twenty-eight resistance-trained men (22.3±3.2y, 1.75±0.1m, 81.1±15.5kg) participated in
this randomized design research study. All participants were free of any physical limitations that
may affect performance. Additionally, all participants were free of any medications and
performance enhancing drugs, as determined and confirmed by a health and activity
questionnaire. Following an explanation of all procedures, risks, and benefits, each participant
provided his informed consent prior to participation in this study. The research protocol was
approved by the New England Institutional Review Board prior to participant enrollment.

Experimental Trials
Participants were randomized into a control (CON; n=11) and an exercise group (EX;
n=17). The assessment protocol was the same for both groups, however, CON remained quietly
seated for the equivalent duration of time it took the EX to complete the acute protocol
(~45min). Each participant reported to the lab on 5 separate occasions. On the first visit to the
lab all participants were tested for maximal strength [one repetition-maximum (1-RM)] on the
back squat, leg press, and leg extension exercises to ensure the appropriate loads were assigned
for the resistance exercise bout.
The morning of each testing trial, participants reported to the laboratory following a 10hour overnight fast and having abstained from alcohol consumption, all forms of moderate to
vigorous exercise for the previous 72 hours, and receiving at least 8 hours of sleep the night
before. These criteria were confirmed by a researcher upon the participant’s arrival to the
laboratory. During each experimental trial, participants performed the standardized warm-up
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routine described below, followed by a lower-body resistance exercise protocol consisting of the
barbell back squat, leg press and leg extension. The protocol utilized a load of 70% 1-RM for
sets of 10-12 repetitions with a 1-minute rest period between sets and exercises. During each
protocol, participants were verbally encouraged to complete each set. If the participant was
unable to complete the desired number of repetitions, spotters provided assistance until the
participant completed the remaining repetitions. Subsequently, the load for the next set was
adjusted so that participants were able to perform the specific number of repetitions for each set.
Following the resistance exercise protocol, participants remained in the laboratory for all
post-exercise assessments. Blood samples were obtained at seven time points over the course of
the study: pre-exercise (PRE), immediately post-exercise (IP), 1 hour post-exercise (1H), 5
hours post-exercise (5H), 24 hours post-exercise (24H), 48 hours post-exercise (48H), and 96H
post exercise. Fine needle muscle biopsies were completed at PRE, 1H, 5H, and 48H. A study
overview is depicted in Figure 1.
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Figure 1. Study protocol.
Assessment time points: PRE=pre-exercise, IP= immediately post-exercise, 1HR= 1-hour postexercise, 5HR= 5-hours post-exercise 24HR=24-hours post-exercise, 48HR= 48-hours postexercise

To control for diet, participants were provided a standardized low protein, low
carbohydrate breakfast (7 grams protein; 3 grams carbohydrate; 13 grams fat) following PRE
assessments. Immediately following 1H blood sampling and performance testing, participants
were also provided a standardized meal (240 calories, 14 grams protein, 30 grams carbohydrates,
7 gram fat). Participants were permitted to drink water ad libitum during experimental trials, and
water consumption was monitored.
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Maximal Strength Testing
One week prior to experimental trials, participants reported to the laboratory to establish
maximal strength (1-RM) on all lifts involved in the acute damaging protocol. Prior to maximal
strength testing, participants performed a standardized warm-up consisting of five minutes on a
cycle ergometer against a light resistance, 10 body weight squats, 10 body weight walking
lunges, 10 dynamic walking hamstring stretches, and 10 dynamic walking quadriceps stretches.
The 1-RM test for the barbell back squat, leg press and leg extension were performed using
methods previously described by Hoffman ( 2006). Briefly, each participant performed two
warm-up sets using a resistance of approximately 40-60% and 60-80% of his perceived
maximum, respectively. For each exercise, 3-4 subsequent trials were performed to determine
the 1-RM for the squat and leg press exercises. A 3-5 minute rest period was provided between
each trial. For the leg extension exercises, the 1-RM was assessed using a prediction formula
based on the number of repetitions performed to fatigue using a given weight (Brzycki, 1993).
Trials not meeting the range of motion criteria for each exercise or where proper technique was
not used were discarded.

Blood Measurements
During each experimental trial, blood samples were obtained using a Teflon cannula
placed in a superficial forearm vein using a three-way stopcock with a male luer lock adapter and
plastic syringe. The cannula was maintained patent using an isotonic saline solution (Becton
Dickinson, Franklin Lakes, NJ, USA). PRE blood samples were obtained following a 15-minute
equilibration period. IP blood samples were taken within one minute of exercise cessation.
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Participants were also instructed to lie in a supine position for 15 minutes prior to 1H, 5H, 24H,
48H and 96H blood draws.
All blood samples were collected into three 10 ml Vacutainer® tubes. Blood samples
were drawn into either untreated, sodium heparin, or K2EDTA treated tubes. The blood in the
untreated tube was allowed to clot at room temperature for 30 minutes and subsequently
centrifuged at 3,000×g for 15 minutes along with the remaining whole blood from the other
tubes. The resulting serum and plasma was placed into separate micro-centrifuge tubes and
frozen at −80°C for later analysis.

Biochemical Analysis
Plasma samples were assayed for concentrations of TNF-α, using a multiplex cytokine
assay (Millipore Milliplex, cat no. HCYTOMAG-60K; Billerica, MA) on a MAGPIX instrument
(Luminex Corp; Luminex , Austin, TX) according to the manufacturer’s instructions.
Glutathione reductase, glutathione transferase and superoxide dismutase (SOD) were assessed
via enzyme-linked immunosorbent assays (ELISA) by and a spectrophotometer (BioTek Eon,
Winooski, VT, USA) using commercially available kits. (Calbiotech, Spring Valley, CA, USA)
Lactate Dehydrogenase (LDH) concentrations were also determined via ELISA (Sigma Aldrich,
St. Louis, MO) and a spectrophotometer. To eliminate inter-assay variance, all samples for each
assay were thawed once and analyzed in duplicate in the same assay run by a single technician.
Coefficient of variation for each assay was 7.6% for TNF-α; 6.3% for glutathione reductase,
5.5% for glutathione transferase, 5.0% for superoxide dismutase; 7.8% for LDH.
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Fine Needle Muscle Biopsy Procedure
Fine needle muscle biopsies were performed on the vastus lateralis muscle of the
participant’s dominant leg using a spring-loaded, reusable instrument with 14-gauge disposable
needles and a coaxial introducer (Argon Medical Devices Inc., Plano, TX, USA). Following
local anesthesia with 2 mL of 1% lidocaine applied into the subcutaneous tissue, a small incision
to the skin was made and an insertion cannula was placed perpendicular to the muscle until the
fascia was pierced. The biopsy needle was inserted through the cannula and a muscle sample
was obtained by the activation of a trigger button, which unloaded the spring and activated the
needle to collect a muscle sample. Multiple biopsy passes at each time point were made with the
cannula in place, thus avoiding repeated skin punctures. Each muscle sample was removed from
the biopsy needle using a sterile scalpel and was subsequently placed in a cryotube, rapidly
frozen in liquid nitrogen, and stored at -80˚C. All muscle biopsies were performed by a licensed
medical physician.

NFκβ Signaling Analysis
Tissue samples were thawed and kept on ice for preparation and homogenization. A lysis
buffer with protease inhibitor (EMD Millipore, Billerica, MA, USA) was added to each sample
at a rate of 500 µl per 10 mg of tissue. Samples were homogenized using a Teflon pestle and
sonication (Branson, Danbury, CT, USA). Tissue samples were then placed on a plate shaker
(Thermo Fisher Scientific Inc., Waltham, MA, USA) for 10 minutes at 4˚C and subsequently
centrifuged at 10,000×g for 5 minutes. The supernatant was aspirated and used for analysis.
Multiplex enzyme-linked immunosorbent assay (ELISA) was used to quantify the
phosphorylation status of proteins specific to the NFκβ signaling pathway using MAGPIX®
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(Luminex, Austin, TX, USA) and a multiplex signaling assay kit (EMD Millipore, Billerica,
MA, USA) according to manufacturer’s guidelines. Samples were analyzed for total
concentration of tumor necrosis factor-alpha receptor 1 (TNFR1), the phosphorylated FADD at
Ser 194, IKKa/b at Ser 177/181, NFκβ at Ser 536, IKB at Ser 32, and total concentration of cMyc. Total protein quantification was conducted using a detergent compatible (DC) protein
assay kit (Bio-Rad, Hercules, CA, USA). Homogenized samples were diluted prior to being
loaded and results are reported as fluorescence intensity expressed relative to total protein
content. To eliminate inter-assay variance, all tissue samples were thawed once and analyzed in
duplicate in the same assay run by a single technician. The average coefficient of variation for
glutathione was 8.8% and 10.1% for the phospho-protein analysis.

Dietary Logs
Participants were instructed to maintain their normal dietary intake leading up to
experiment trials. Participants were then instructed to record as accurately as possible everything
they consumed during the 48 hours prior to the acute damaging protocol. For the remainder of
the experimental trial, participants were required to record the, quantity, and timing of their daily
diet during the subsequent four days of recovery.

Statistical Analysis
Group x time interactions for all variables measured was conducted using repeated
measure ANOVA. Statistical software (IBM SPSS Statistics for Windows, Version 22.0.
Armonk, NY: IBM Corp) was used to perform all statistical analysis. When appropriate, followup analyses included 1-way repeated measures ANOVAs and LSD post hoc comparisons. An
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alpha level of p < 0.05 was considered statistically significant for all comparisons. Prior to
analysis all data was assessed to ensure normal distribution, homogeneity of variance and
sphericity. If assumption of sphericity was violated, a Greenhouse Geisser correction was
applied. Differences in dietary composition between both groups were analyzed using a 1-way
ANOVA. All data are reported as mean ± SD.
To make inferences on true effects of the different treatment modalities on recovery
performance an analysis based on the magnitude of differences, calculated from 90% confidence
intervals, as previously described by Batterham and Hopkins (Batterham & Hopkins, 2006),
were used in this study. Differences between pre exercise and all subsequent time points were
calculated for each treatment group (EX and CON). Additionally, differences at each time point
between the four treatments were calculated. These change scores were then analyzed via a
published spreadsheet (W. Hopkins, 2007), with the smallest non-trivial change set at 20% of the
grand standard deviation (Batterham & Hopkins, 2006). All data are expressed as a mean effect
± SD, with percent chances of a beneficial, trivial or negative outcome. Qualitative inferences,
based on quantitative chances were assessed as: <1% almost certainly not, 1-5% very unlikely, 525% unlikely, 25-75% possibly, 75-95% likely, 95-99% very likely and >99% almost certainly
(W. G. Hopkins, 2002).
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CHAPTER IV: RESULTS
Participant descriptive characteristics are represented in Table 1. There were no
significant differences between the CON and EX group for any physical characteristics.
Additionally, there were no differences in dietary composition between the two groups.
Table 1. Participant Descriptives

Variable
Age (y)
Height (m)
Body Mass (kg)
% Body Fat
1-RM Squat (kg)

Control (CON)
(n=11)
23.3±4.1
1.74±0.12
77.8±15.6
15.3±3.8
121.9±30.7

Exercise (EX)
(n=17)
21.6±2.3
1.75±0.06
82.0±15.8
18.2±4.5
112.9±33.5
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F
2.082
0.103
0.498
3.205
0.548

p
0.160
0.751
0.486
0.084
0.466

Circulating Markers
TNF-α
Changes in circulating TNF-α concentrations are presented in Figure 2. There was no
two-way interaction (F=0.658, η2=0.028, p=0.537), and no main effect for time (F=1.362,
η2=0.056, p=0.266). Magnitude based inferences for TNF-α are represented in Table 2. TNF-α
changes for EX was “Likely Increased” compared to the CON group between PRE and 24H. All
other inferential comparisons were interpreted as “Unclear”.
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Figure 2. Tumor Necrosis Factor - alpha (TNF-α) concentration following resistance exercise
.
Groups: CON = Control; EX = Exercise. Time points: PRE = pre exercise; IP = Immediatelypost; 1H = One hour post exercise; 5H = Five hours post exercise; 24H = 24 hours post exercise;
48H = 48 hours post exercise; 96H = 96 hours post exercise. Data reported as means ± SEM.
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LDH
Changes in circulating LDH concentrations are presented in Figure 3. There was no twoway interaction (F=0.152, η2=0.006, p=0.928), and no main effect for time (F=1.220, η2=0.045,
p=0.307). Magnitude based inferences for changes in LDH concentrations are represented in
table 2. All changes in LDH concentrations comparisons were interpreted as “Unclear”.
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Figure 3. Lactate Dehydrogenase (LDH) concentration following resistance exercise.
Groups: CON = Control; EX = Exercise. Time points: Pre = pre exercise; IP = Immediately-post;
24H = 24 hours post exercise; 48H = 48 hours post exercise; 96H = 96 hours post exercise. Data
reported as means ± SEM.
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Glutathione Reductase
Changes in circulating GSH Reductase concentrations are presented in Figure 4. There
was no two-way interaction (F=0.781, η2=0.029, p=0.586), and no main effect for time (F=0.260,
η2=0.010, p=0.955). Magnitude based inferences for changes in GSH Reductase concentrations
are represented in Table 2. All changes in GSH Reductase concentrations comparisons were
interpreted as “Unclear”.
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Figure 4. Glutathione Reductase (GSH Reductase) concentration following resistance exercise.
Groups: CON = Control; EX = Exercise. Time points: PRE = pre exercise; IP = Immediatelypost; 1H = One hour post exercise; 5H = Five hours post exercise; 24H = 24 hours post exercise;
48H = 48 hours post exercise; 96H = 96 hours post exercise. Data reported as means ± SEM.
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GSH Transferase
Changes in circulating GSH Transferase concentrations are presented in Figure 5. There
was no two-way interaction (F=0.852, η2=0.032, p=0.514), however there was a main effect for
time (F=2.917, η2=0.101, p=0.010). GSH Transferase concentrations were significantly
increased compared to PRE at IP (p=0.017), 1H (p=0.035), and 48H (p=0.002). There were no
differences from PRE at any other time point. Magnitude based inferences for changes in GSH
Transferase concentrations are represented in Table 2. All changes in GSH Transferase
concentrations comparisons were interpreted as “Unclear”.

Figure 5. Glutathione Transferase (GSH Transferase) concentration following resistance
exercise.
Groups: CON = Control; EX = Exercise. Time points: PRE = pre exercise; IP = Immediatelypost; 1H = One hour post exercise; 5H = Five hours post exercise; 24H = 24 hours post exercise;
48H = 48 hours post exercise; 96H = 96 hours post exercise. *= Significant increase relative to
PRE (p ≤ 0.05). Data reported as means ± SEM.
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Superoxide Dismutase
Changes in circulating SOD concentrations are presented in Figure 6. There was no twoway interaction (F=0.382, η2=0.015, p=0.765), however there was a main effect for time
(F=3.206, η2=0.114, p=0.028) but no significant differences in comparison to PRE. Magnitude
based inferences for SOD are represented in Table 2. SOD changes for EX was “Possibly
Increased” compared to the CON group between PRE and 1H. In addition, EX was “Possibly
Increased” compared with CON between PRE and 48H. All other inferential comparisons were
interpreted as “Unclear”.
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Figure 6. Superoxide Dismutase (SOD) concentration following resistance exercise.
Groups: CON = Control; EX = Exercise. Time points: PRE = pre exercise; IP = Immediatelypost; 1H = One hour post exercise; 5H = Five hours post exercise; 24H = 24 hours post exercise;
48H = 48 hours post exercise; 96H = 96 hours post exercise. Data reported as means ± SEM.
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Muscle Oxidative Stress
GSH
Changes in muscle GSH concentrations are presented in Figure 7. There was no two-way
interaction (F=0.502, η2=0.026, p=0.488), however there was a main effect for time (F=0.568,
η2=0.029, p=0.638). GSH concentrations were significantly decreased compared to PRE at 1H
(p=0.004), 5H (p=0.014), and 48H (p=0.017). Magnitude based inferences for GSH are
represented in Table 3. GSH changes for EX was “Possibly Trivial” compared to the CON group
between PRE and 1H. All other inferential comparisons were interpreted as “Unclear”.

Figure 7. Glutathione (GSH) concentration following resistance exercise.
Groups: CON = Control; EX = Exercise. Time points: Pre = pre exercise; 1H = One hour post
exercise; 5H = Five hours post exercise; 48H = 48 hours post exercise. *= Significant decrease
relative to PRE (p ≤ 0.05). Data reported as means ± SEM.
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Intramuscular Signaling
TNFR1
Changes in total TNFR1 content are presented in Figure 8. There was no two-way interaction
(F=0.237, η2=0.009, p=0.771), and no main effect for time (F=1.149, η2=0.042, p=0.335).
Magnitude based inferences for changes in total TNFR1 concentrations are represented in Table
3. All changes in TNFR1 concentrations comparisons were interpreted as “Unclear”.
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Figure 8. Total Tumor Necrosis Factor Receptor 1 (TNFR1) concentration following resistance
exercise.
Groups: CON = Control; EX = Exercise. Time points: Pre = pre exercise; 1H = One hour post
exercise; 5H = Five hours post exercise. 48H = 48 hours post exercise. Data reported as means ±
SEM.
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IKKa/b
Changes in IKKa/b phosphorylation are presented in Figure 9. There was no two-way
interaction (F=0.863, η2=0.032, p=0.373), and no main effect for time (F=1.778, η2=0.064,
p=0.193). Magnitude based inferences for changes in IKKa/b phosphorylation are represented in
Table 3. All changes in IKKa/b concentrations comparisons were interpreted as “Unclear”.
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Figure 9. IKKa/b phosphorylation following resistance exercise.
Groups: CON = Control; EX = Exercise. Time points: PRE = pre exercise; 1H = One hour post
exercise; 5H = Five hours post exercise. 48H = 48 hours post exercise. Data reported as means ±
SEM.
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IkBα
Changes in IkBα phosphorylation are presented in Figure 10. There was no two-way
interaction (F=1.763, η2=0.063, p=0.161), and no main effect for time (F=1.609, η2=0.058,
p=0.194). Magnitude based inferences for IkBα phosphorylation are represented in Table 3. IkBα
changes for EX was “Likely Increased” compared to the CON group between PRE and 5H. All
other inferential comparisons were interpreted as “Unclear”.
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Figure 10. IkBα phosphorylation following resistance exercise.
Groups: CON = Control; EX = Exercise. Time points: Pre = pre exercise; 1H = One hour post
exercise; 5H = Five hours post exercise. 48H = 48 hours post exercise. Data reported as means ±
SEM.
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NFKB
Changes in NFKB phosphorylation are presented in Figure 11. There was no two-way
interaction (F=0.268, η2=0.010, p=0.753). There was a main effect for time (F=4.309, η2=0.142,
p=0.021). NFKB phosphorylation was significantly decreased compared to PRE at 5H (p=0.015)
and 48H (p=0.010). Magnitude based inferences for changes in NFKB phosphorylation are
represented in Table 3. All changes in NFKB phosphorylation comparisons were interpreted as
“Unclear”.

Figure 11. NFkB phosphorylation concentration following resistance exercise.
Groups: CON = Control; EX = Exercise. Time points: Pre = pre exercise; 1H = One hour post
exercise; 5H = Five hours post exercise. 48H = 48 hours post exercise. *= Significant decrease
relative to PRE (p ≤ 0.05). Data reported as means ± SEM.
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c-Myc
Changes in total c-Myc concentration are presented in Figure 12. There was a trend
towards a two-way interaction (F=2.516, η2=0.088, p=0.064). There was also a main effect for
time observed (F=5.775, η2=0.182, p=0.001). Total c-Myc concentrations were increased at IP
(p=0.002) and 1H (p=0.003). Magnitude based inferences for total c-Myc concentrations are
depicted in Table 3. C-Myc changes for EX were “Very Likely Increased” compared to the CON
group between PRE and 5H. All other inferential comparisons were interpreted as “Unclear”.

Figure 12. Total c-Myc concentration following resistance exercise.
Groups: CON = Control; EX = Exercise. Time points: PRE = pre exercise; 1H = One hour post
exercise; 5H = Five hours post exercise. 48H = 48 hours post exercise. * = Significant increase
relative to PRE (p ≤ 0.05). Data reported as means ± SEM.

42

Table 2. Effect of Resistance Exercise on Circulating Markers of Damage and Oxidative Stress
EX vs. CON

TNF-α

LDH

GSH Reductase

GSH Transferase

% Trivial

% Negative

Mean
Difference

Interpretation

38.8

-0.08 ± 13

Unclear

Pre-IP

38.0

23.2

Pre-1H

82.0

11.7

6.4

8.9 ± 12

Unclear

Pre-5H

41.9

26.5

31.6

0.93 ± 11

Unclear

Pre-24H

87.0

8.5

4.4

11 ± 12

Likely Increased

Pre-48H

75.9

9.1

15.0

12 ± 23

Unclear

Pre-96H

66.9

18.7

14.3

5.5 ± 12

Unclear

Pre-24H

23.3

33.2

43.6

-9.4 ± 56

Unclear

Pre-48H

13.7

27.9

58.4

-22 ± 56

Unclear

Pre-96H

20.7

25.3

54.0

-19 ± 69

Unclear

Pre-IP

59.3

27.7

13.0

2.5 ± 6.1

Unclear

Pre-1H

15.6

35.4

49.0

-1.6 ± 5.3

Unclear

Pre-5H

28.6

37.2

34.2

-0.27 ± 5.7

Unclear

Pre-24H

15.1

31.8

53.1

-1.9 ± 5.7

Unclear

Pre-48H

5.6

15.4

79.0

-4.9 ± 6.7

Unclear

Pre-96H

26.1

26.6

47.3

-1.3 ± 7.8

Unclear

Pre-IP

48.9

26.6

24.5

0.65 ± 3.3

Unclear

Pre-1H

11.8

20.9

67.3

-1.5 ± 3.2

Unclear

Pre-5H

55.7

28.0

16.3

0.94 ± 2.8

Unclear

Pre-24H

7.2

17.6

75.2

-1.9 ± 2.9

Unclear

Pre-48H

12.1

20.6

67.3

-1.6 ± 3.2

Unclear

Pre-96H

36.8

25.4

37.8

-0.03 ± 3.7

Unclear

Pre-IP

31.8

57.6

10.7

0.88 ± 3.8

63.9

35.5

0.6

2.5 ± 2.9

Unclear
Possibly
Increased

Pre-5H

52.3

39.8

7.9

2.1 ± 4.7

Unclear

Pre-24H

51.1

42.0

6.8

2 ± 4.4

62.2

33.6

4.2

2.8 ± 4.4

Unclear
Possibly
Increased

48.5

41.1

10.4

1.8 ± 5

Unclear

Pre-1H
SOD

% Positive

Pre-48H
Pre-96H
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Table 3. Effect of Resistance Exercise on Intramuscular Signaling and Oxidative Stress
% Positive

% Trivial

% Negative

Mean
Difference

Interpretation

Pre-1H

22.4

37.9

39.7

-29 ± 190

Unclear

Pre-5H

37.6

56.5

5.9

39 ± 100

Unclear

Pre-48H

10.8

52.5

36.7

-34 ± 120

Unclear

Pre-1H

7.3

27.9

64.8

-160 ± 290

Unclear

Pre-5H

6.6

26.6

66.8

-170 ± 290

Unclear

Pre-48H

8.1

26.7

65.3

-170 ± 310

Unclear

Pre-1H

58.1

32.1

9.9

42 ± 95

Unclear

Pre-5H

91.9

7.2

0.9

110 ± 99

Likely Increased

Pre-48H

27.6

44.7

27.7

-0.05 ± 88

Unclear

Pre-1H

36.4

51.0

12.6

9.6 ± 40

Unclear

Pre-5H

61.1

27.5

11.5

29 ± 64

Unclear

Pre-48H

48.3

36.5

15.2

16 ± 56

Unclear

Pre-1H

75.2

18.2

6.5

46 ± 70

Unclear

Pre-5H

96.3

3.2

0.5

87 ± 63

Very Likely Increased

Pre-48H

9.7

31.3

59.0

-25 ± 55

Unclear

Pre-1H

1.4

53.4

45.2

-3.7 ± 5.6

Possibly Trivial

Pre-5H

10.0

33.5

56.5

-5.3 ± 12

Unclear

Pre-48H

11.9

40.5

47.6

-3.7 ± 11

Unclear

EX vs. CON

TNFR1

IKKa/b

IkBa

NFKB

c-Myc

GSH
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CHAPTER V
Discussion
The main findings of this investigation indicated that phosphorylation of IkBα (Ser32)
and total c-Myc content was increased in human skeletal muscle following heavy resistance
training in previously untrained males. No other differences in the other signaling proteins of the
NF-kB signaling cascade or muscle GSH content were observed between groups. Circulating
TNF-α was elevated at 24H, while SOD was increased at 1H and 48H in the EX group compared
to CON. Additionally, there were no differences between the groups in circulating measures of
LDH, GSH Reductase, and GSH Transferase. Our results suggest that heavy dynamic resistance
training may result in a modest increase in oxidative stress markers within the muscle, while
promoting alterations in the NF-kB signaling cascade.
TNF-α is a pro-inflammatory cytokine released by circulating monocytes and infiltrating
macrophages which initiate and propagate muscle damage. Previously, our laboratory has
reported marked increases in circulating TNF-α in plasma following bouts of heavy resistance
exercise in trained males (Townsend et al., 2015; Townsend et al., 2013; Wells et al., 2016).
These increases were noted immediately post-exercise (Townsend et al., 2015; Townsend et al.,
2013; Wells et al., 2016), and remained elevated 2 hours post-exercise (Wells et al., 2016).
However, in the present study only modest increases in TNF-α were observed at 24H postexercise. The lack of an immediate response of circulating TNF-α concentrations following
exercise is consistent with other investigations (Brenner et al., 1999). Brenner and colleagues
(1999) did not find any increase in TNF-α concentrations following a circuit training exercise
bout in moderately males, while Smith et al. (2000) did not report any change in TNF-α
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concentration following an eccentric based resistance exercise protocol. In previous
investigations from our laboratory we utilized resistance trained men with an average training
experience of ~7 years. It is possible that the inexperienced participants in the present study,
were not capable of performing the exercises prescribed with the sufficient effort, form, and load
to elicit a threshold magnitude of muscular damage to observe increases in TNF-α concentrations
immediately following resistance exercise. The lack of a significant elevation in muscle damage
markers observed in this study appear to support this concept. Typically, a 2-fold increase in
LDH values have been observed from muscle damaging eccentric muscle actions (Nissen et al.,
1996; Rodrigues et al., 2010). Nevertheless, the LDH values reported in the current study are in
agreement with other investigators examining the LDH response in untrained participants
performing 50 maximal concentric repetitions of the knee extensors (Brown, Day, & Donnelly,
1999; Schwane & Armstrong, 1983). The lack of LDH elevation following our resistance
training protocol may also be related to the utilization of a dynamic resistance exercise protocol
consisting of both concentric and eccentric muscle actions. Concentric muscle actions have been
previously shown to result in smaller increases in LDH concentrations in comparison to eccentric
muscle actions (Friden, Sfakianos, & Hargens, 1989; Nosaka, Clarkson, & Apple, 1992).
Circulating Oxidative Stress Markers
Oxidative stress is a physiological state in which the production of free radicals is greater
than their rate of elimination by the body’s antioxidant defense system. Exercise increases
oxygen consumption which, in turn, increases ROS production. These unregulated free radicals
attack the muscle membrane by causing lipid peroxidation of the sarcolemma and mitochondrial
membranes which may induce muscle damage, especially during strenuous exercise (Peternelj &
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Coombes, 2011; Powers, Nelson, & Hudson, 2011). Additionally, muscular contractions
themselves stimulate phospholipase A2, which stimulates additional ROS production within
skeletal muscle (Powers & Jackson, 2008). Hence, the increase in oxidative stress after an
intense bout of resistance exercise is associated with muscle damage, inflammation, soreness,
and impairment of force production (Lee et al., 2002). While there is an ample amount of
literature describing increases in circulating markers of oxidative stress following aerobic
exercise (Powers et al., 2011), there is a relatively limited number of studies that have examined
the effect of anaerobic and resistance exercise on circulating markers of oxidative stress.
Our findings indicated that superoxide dismutase and thiol markers (GSH Reductase and
GSH Transferase) were not significantly different at any time point following resistance exercise
than the control group. The scientific literature on human participants utilizing eccentric
resistance exercise protocols have found mixed results with both superoxide dismutase and
glutathione markers. Childs et al, (2001) reported elevations in SOD concentrations three days
post-exercise in untrained males performing 30 eccentric actions of the elbow flexors. Our
findings though appear to be more in agreement with Surmen-Gur et al., (1999) who examined
untrained men performing a maximal effort exercise session on a bicycle ergometer, followed by
20 maximal eccentric and concentric actions with the knee extensors and found no changes in
SOD. Furthermore, equivocal evidence also exists regarding glutathione markers of oxidative
stress with some studies reporting increased activity (Goldfarb, Bloomer, & McKenzie, 2005;
Sahlin, Cizinsky, Warholm, & Höberg, 1992), decreased activity (Lee et al., 2002), or no change
in activity (Bryer & Goldfarb, 2001). Due to the variety of exercise protocols, it is possible that
the oxidative stress response to eccentric resistance protocols is different than dynamic exercises
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using both eccentric and concentric contractions (Bloomer & Goldfarb, 2004). Additionally,
while we measured plasma concentrations of thiols, most investigations examining glutathione
status measure whole blood lysates in which a majority of thiols are found in the blood (Michelet
et al., 1995). Therefore, there is much more to be understood with regards to circulating
oxidative stress markers and dynamic resistance exercise.
Intramuscular Markers of Oxidative Stress
Glutathione is a powerful antioxidant, and subsequently is of interest to researchers due
to its role in antioxidant defense, cell proliferation, immune regulation, and redox signal
transduction (Kerksick & Willoughby, 2005). In fact, deficiency or depletion of tissue
glutathione has been directly linked to impaired exercise performance (Kramer, Dijkstra, & Bast,
1993; Sen, Atalay, & Hanninen, 1994). Despite its role in protecting against oxidative stress, our
results indicated no alterations in muscle tissue GSH levels in response to the resistance exercise
protocol in these untrained subjects. Following strenuous exercise, glutathione is thought to
decrease in plasma due to its uptake intracellularly as an antioxidant defense mechanism (Sen,
1999). Others have reported a reduction in both liver and GSH concentrations consistently
following exhaustive exercise (Lew, Pyke, & Quintanilha, 1985). In addition, a 50% reduction in
total tissue GSH has been reported following a single bout of exercise (Duarte, Appell, Carvalho,
Bastos, & Soares, 1993). While our results are not in concert with previous investigations, the
unaltered tissue GSH levels coincide with the unaltered plasma and serum oxidative stress
markers. It is possible that the exercise stimulus in the current investigation was not sufficient
enough to result in significant oxidative stress.
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Intramuscular NF-κB signaling
During skeletal muscle contractions, ROS is released from the mitochondria during
cellular respiration and subsequently results in proteolytic degradation (Yu, 1994). The damaged
tissue is then infiltrated by immune cells which release additional ROS to phagocytize and
remove cellular debris via an acute inflammatory response (Peake, Nosaka, & Suzuki, 2005).
This exercise induced inflammatory response is mediated in conjunction with intramuscular and
immune signaling pathways, including the NF-κB cascade, altering gene expression in various
transcription factors (Ji, Gomez-Cabrera, Steinhafel, & Vina, 2004). In addition to being
activated by exercise induced ROS production, NF-κB responds to other forms of cellular stress
including pro-inflammatory cytokines (Lee & Burckart, 1998), intracellular calcium release
(Hughes, Antonsson, & Grundstrøm, 1998; Hughes, Edin, Antonsson, & Grundstrom, 2001) and
MAPK signaling (Ji et al., 2004). The inactivated form of NF-KB resides in the cytoplasm of the
muscle cell, sequestered by the protein IkBα . When presented with cellular stress, IkBα is
phosphorylated and releases the p50-p65 NF-κB heterodimer, and it is then allowed to
translocate inside of the nucleus to modify gene expression. Our data indicate that acute dynamic
resistance exercise promotes increases in IkBα phosphorylation at 5H post exercise and elevated
c-Myc transcription at both 1H and 5H.
The findings of this present study are similar to a previous investigation that showed an
increase in IkBα phosphorylation following isolated stimulated contraction in adult rat skeletal
muscle (Ho et al., 2005). However, they also noted an increase in IKK complex phosphorylation
which was not reflected in our findings. In humans, increased phosphorylation of IKKB
immediately post-resistance exercise has been reported following a similar exercise protocol as
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used in the present study (Møller et al., 2013). While we did not see an increase in IKKa/b
phosphorylation, IKKB is known to phosphorylate IkBα . Therefore, while we did observe an
increase in IkBα , our sampling time points may have not been adequately designed to detect
changes in the IKKa/b complex. Nevertheless, the current literature is not consistent regarding
IkBα activity, with some studies showing decreased activity (Vella et al., 2012), while others
reporting no change (Hyldahl et al., 2011).
Increased phosphorylation of IkBα indicates a liberation of the NF-κB heterodimer to
initiate gene transcription inside the nucleus, initiating a variety physiological outcomes
including cell proliferation, regeneration, and even programmed cell death (Li & Lin, 2008).
However, in this study IkBα phosphorylation did not coincide with an observed increase in NFκB activity which has previously been reported following eccentric muscular contractions. In an
animal model, NF-κB activity has been demonstrated to increase in response to an acute bout of
eccentric exercise (Ho et al., 2005; Hollander et al., 2001; Ji et al., 2004). With NF-κB DNA
binding activity reaching its peak at ~2 hours post exercise (Ji et al., 2004). In humans, Vella et
al., (2012) found increased NF-κB phosphorylation 2 hours following a resistance exercise bout
consisting of the Smith squat machine, leg press, and leg extension exercises in non-resistance
trained men with activity returning to baseline at 4H. Furthermore, it has been speculated that
damage from a skeletal muscle biopsy may also be a sufficient stimulus to initiate upregulation
in signaling pathways including the NF-κB cascade (Constantin-Teodosiu, Casey, Short,
Hultman, & Greenhaff, 1996). We observed a main effect for time with NF-κB activity
decreasing for both the CON and EX group which may provide some explanation of our results.
However, this is in contrast with others who did not see any change in NF-κB in following a
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biopsy in their control group (Vella et al., 2012). Xin and colleagues (2014) saw increased NFκB activity in their investigation following two eccentric resistance exercise bouts separated by 4
weeks. In addition, Hyldahl et al (2011), observed a 1.6 fold increase in NF-κB binding activity 3
hours following 100 eccentric contractions of the knee extensors. While our findings are not in
agreement with previous reports, it is possible that NF-κB p65 activation is closely tied to high
amounts of muscular damage. Subsequently, the lack of elevated markers of muscle damage and
oxidative stress may explain why we did not observe differences in NF-κB activation with the
exercise group.
c-Myc is a multifaceted gene regulator which elicits a variety of responses in the human
body. If mutated or unregulated, its role in cell proliferation can result in various types of
malignances (Little, Nau, Carney, Gazdar, & Minna, 1983). However, in skeletal muscle, this
gene governs mechanisms involved with muscular hypertrophy (Whitelaw & Hesketh, 1992).
We observed an increase in total c-Myc content at 1H and 5H post resistance exercise in
comparison to controls. Recently, c-Myc expression has been suggested to be a marker of
increased ribosome biogenesis, with increased expression observed both in vivo and in vitro
(Chaillou, Kirby, & McCarthy, 2014; Mobley et al., 2015; Nader et al., 2014; West et al., 2016).
A recent study found c-Myc gene expression upregulated post-resistance exercise (1.5-12hrs)
and this expression preceded upregulated indices of RNA polymerase I activity (West et al.,
2016). Additionally, when a c-Myc inhibitor was added in vitro, c-Myc expression was strongly
correlated to both total RNA and protein synthesis, further implicating its role in regulating
translational capacity (West et al., 2016). Mobely et al, (2015) found increased c-Myc expression
3h post-resistance exercise, independent of nutrition status, along with expression of other
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markers of ribosome biogenesis. In humans, Nader and colleagues observed a robust increase in
c-Myc expression 4h post-resistance exercise in untrained participants (Nader et al., 2014). This
is in agreement with previous work examining gene expression of c-Myc following 300 maximal
eccentric contractions found an upregulation in c-Myc expression 3 hours post exercise
(Mahoney et al., 2008). The authors suggested that when taken in context with additional
microarray data, this was a likely indicator of skeletal muscle growth and remodeling. Trenerry
et al, also saw 140-fold increases in c-Myc following an intense lower body resistance training
bout (Trenerry, Carey, Ward, & Cameron-Smith, 2007). Taken together, our results support
previous investigations examining the relationship between c-Myc expression, resistance
exercise, and ribosome biogenesis.
We observed an increase in IkBα phosphorylation with a coinciding increase in c-Myc
expression without any changes in NF-κB activity. While this appears counterintuitive, both
IkBα and c-myc have been known to be activated by the MAPK signaling pathway, specifically
ERK 1/2 and STAT-3 signaling (Ho et al., 2005; Kiuchi et al., 1999; Masuda et al., 2002; Wei &
Paterson, 2001). Therefore, since we did not observe any increased signaling besides c-Myc and
IkBα, it is possible that this significant activity was activated by other pathways. While it was
not in the scope of the present investigation to examine MAPK signaling, future investigations
should explore the cross talk between these pathways in relation to dynamic resistance exercise.
Conclusions
The present study investigated the time course effect of heavy resistance exercise on the
TNF-α response and NF-κB signaling in untrained males. Circulating markers of damage and
oxidative stress were not significantly elevated in the exercise group compared to the controls.
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However, changes in NF-κB signaling, specifically IκBα and c-Myc were upregulated in
response to the resistance exercise protocol. Our results indicate that oxidative stress resulting
from dynamic resistance exercise in untrained appears to be regulated by the body’s antioxidant
defense mechanisms. Consequently, it is likely that resistance exercise can activate signaling
pathways involved in cell regeneration and survival without increases in circulating markers of
oxidative stress.
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APPENDIX D:
MEDCIAL HISTORY QUESTIONNAIRE
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Confidential Medical and Activity History Questionnaire

Participant #__________
When was your last physical examination? _________________________________
1. List any medications (prescription or over-the-counter), herbals or supplements you
currently take or have taken the last month:
Medication
_______________________
_______________________
_______________________
_______________________

Reason for medication
_______________________
_______________________
_______________________
_______________________

2. Are you allergic to any medications? If yes, please list medications and reaction.

3. Please list any allergies, including food allergies that you may have?

4. Are you a current or former smoker? If former, how long has it been since you quit?

5. Are you currently enrolled in another clinical research study?

6. Do you currently drink > 8oz/day of either green or black tea?

7. In the past two years have you been diagnosed with cancer? If so what type?

8. Are you currently on a diet regimen including but not limited to, Atkins, South Beach,
Intermittent Fasting, etc?
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9. Have you donated blood or plasma recently? If so when?

10. Do you currently have any chronic illness that causes continuous medical care? If so
what is the illness?

11. Have you ever been hospitalized? If yes, please explain.
Year of hospitalization
_______________________
_______________________
_______________________

Reason
_______________________
_______________________
_______________________

12. Illnesses and other Health Issues
List any chronic (long-term) illnesses that have caused you to seek medical care.

Have you ever had (or do you have now) any of the following. Please circle
questions that you do not know the answer to.
Sickle cell anemia
Cystic fibrosis
Water retention problems
Heart pacemaker
Epilepsy
Convulsions
Dizziness/fainting/unconsciousness
Asthma
Shortness of breath
Chronic respiratory disorder
Chronic headaches
Chronic cough
Chronic sinus problem

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
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no
no
no
no
no
no
no
no
no
no
no
no
no

High blood pressure
Heart murmur
Heart attack
High cholesterol
Diabetes mellitus or insipidus
Rheumatic fever
Emphysema
Bronchitis
Hepatitis
Kidney disease
Bladder problems
Tuberculosis (positive skin test)
Yellow jaundice
Auto immune deficiency
Anemia
Endotoxemia
Thyroid problems
Hyperprolactinemia
Anorexia nervosa
Bulimia
Stomach/intestinal problems
Arthritis
Back pain
Gout
Hepatic encephalopathy
Mania
Hypermania
Monosodium glutamate hypersensitivity
Seizure disorders

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

Any others (specify):__________________________________________
___________________________________________________________
___________________________________________________________

Do you smoke cigarettes or use any other tobacco
products?
yes
Do you have a history of drug or alcohol
dependency?
yes
Do you ever have any pain in your chest?
yes
Are you ever bothered by racing of your heart?
yes
Do you ever notice abnormal or skipped heartbeats? yes
Do you ever have any arm or jaw discomfort, nausea,
Or vomiting associated with cardiac symptoms?
yes
Do you ever have difficulty breathing?
yes
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no
no
no
no
no
no
no

Do you ever experience shortness of breath?
yes
no
Do you ever become dizzy during exercise?
yes
no
Are you pregnant?
yes
no
Is there a chance that you may be pregnant?
yes
no
Have you ever had any tingling or numbness in
your arms or legs?
yes
no
Has a member of your family or close relative
died of heart problems or sudden death before
the age of 50?
yes
no
Has a health care practitioner ever denied or
restricted your participation in sports for any
problem
yes
no
If yes, please explain: _____________________________________________
_______________________________________________________________

What is your current level of physical activity (hours per week, intensity, mode of exercise)?
______________________________________________________________________________
________________________________________________________________
______________________________________________________________________
______________________________________________________________________
Are you presently taking any nutritional supplements or ergogenic aids? (if yes, please detail.
________________________________________________________________
______________________________________________________________________________
________________________________________________________________
______________________________________________________________________
______________________________________________________________________
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APPENDIX E:
PHYSICAL ACTIVITY READINESS QUESTIONNAIRE
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APPENDIX F:
NEW ENGLAND IRB APPROVED RECRUITMENT FLYER
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APPENDIX G:
NEW ENGLAND IRB APPROVED RECRUITMENT SCRIPT
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The Institute of Exercise Physiology and Wellness is recruiting participants for a
research project investigating how the body responds to antioxidant
supplementation and resistance training. Inclusion criteria consist of being a male
between 18 and 35 years of age; recreationally active, but not specifically trained;
and being free of any physical limitations and other nutritional supplements,
medications, or performance enhancing drugs. Following enrollment in the study,
you will be enrolled in the control, placebo or active supplementation group. If
you are enrolled in the control group you will complete one acute resistance
protocol with follow-up testing. If you are enrolled in the placebo or active
supplementation group you will complete 30 days of supplementation, followed by
a resistance exercise protocol with follow-up testing, three days per week for six
weeks of resistance training, and another resistance exercise protocol with followup testing. During each resistance protocol, you will perform a lower-body
resistance exercise protocol. Our highly qualified research team will collect blood
samples and muscle biopsies at designated time points around the workout. If you
are interested and would like to learn more about enrolling in this research study,
please contact Adam Jajtner or Jeremy Townsend at adam.jajtner@knights.ucf.edu
or jeremy.townsend@ucf.edu or 407-823-2367.
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APPENDIX H:
PROTECTED HEALTH AUTHORIZATION FORM (HIPPA)
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PROTECTED HEALTH INFORMATION AUTHORIZATION FORM (HIPAA)
Researchers from the study “The Effect of XSurgeTM Supplementation on Biomarkers of Muscle
Damage, Oxidative Stress, Immune Cell Modulation, Tissue Apoptotic Signaling and Recovery
of Functional Performance from Acute High Intensity Resistance Exercise” would like your
permission to use your health information which will be gathered as a part of this study.
The following health information will be gathered from you:
Medical History Questionnaire
Physical Activity Readiness Questionnaire (PAR-Q)

The names of the UCF researchers who will gather this information from you are:
Jay R. Hoffman, PhD.
Jeffrey R. Stout, PhD.
Leonardo Oliveira, M.D.
Adam R. Jajtner, M.S.
Jeremy R. Townsend, M.S.
Kyle S. Beyer, M.S.

Your health information may be shared with others who are working with the UCF researchers
on this study, institutes that are paying for this study or involved in any other way, or as required
by law. The names of these other researchers are listed below.
Kristen M. Nieman, PhD. – Kemin Inc.
Kelli Herrlinger – Kemin Inc.

The UCF researchers and other researchers who work with UCF will protect your health
information in the following ways:
 Your health information will be kept private
 Your name or any other identifying information will not be made known

86






Your health information may be shown in research papers or meetings without any
information about you that will link it to you.
Your health information will be given a special code for security
Your health information will be grouped together with other people’s health
information to form an average
Your health information will be locked in a cabinet and kept safe

You can agree or not agree to sign this form. If you agree to sign this form but change your
mind, you can choose to stop being in the study at any time. If you decide to stop being in the
study, you will need to contact the researcher: Jeffrey R. Stout, PhD.; 407-823-0211;
jeffrey.stout@ucf.edu.
You will be given a copy of this form to keep.
By signing your name below, you are saying that you understand what is being said in this form,
you have received answers to all your questions, you have freely agreed to sign this form, you
have been told who to contact if you have questions regarding your rights as a participant, and
you have allowed UCF to gather, use, and share your health information as described in the
form.

Participant’s Name (please print): _____________________________________________
Participant’s Signature: _____________________________

Date: ______________

Investigator’s Signature: _____________________________

Date: ______________
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